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A rapid and simple method for the separation and determination of ﬁve polycyclic aromatic hydrocar-
bons (PAHs) in water is described. The procedure is based on the selective extraction of the PAHs on the
surface of modiﬁed magnetic nanoparticles using a solid-phase dispersion technique. The PAHs-loaded
magnetic nanoparticles were separated from the aqueous phase with a magnet and then quantiﬁed by
HPLC. The modiﬁed extraction method successfully replaced conventional extraction methods. The
partitioning of the analyte between the sub-micron magnetic nanoparticles (solid phase) and the liquid
phase occurs as the solid moves through the samples as a colloidal sol. The detection limits were in the
range 0.14e0.31 ng/L, with recoveries ranging from 88% to 96%. The as-synthesized magnetic nano-
particles showed good stability and high extraction recoveries for the adsorption-desorption of PAHs,
even after recycling four times. The procedure was successfully applied to PAHs determinations in real
water samples.
© 2016 The Author. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The term ‘polycyclic aromatic hydrocarbon (PAH)’ is a colloquial
descriptor that refers to a large group of organic compounds that
typically contain two or more fused benzene rings, although there
is no single classiﬁcation that collectively describes these com-
pounds. PAHs are widespread and ubiquitous contaminants of the
natural environment [1], and are an important class of marine
organic pollutants. High-molecular-weight PAHs have demon-
strated carcinogenicity in experimental animals, as well as geno-
toxicity and mutagenicity in vitro and in vivo [2e5], whilst lower
molecular weight species are known to be narcotic to marine or-
ganisms [6]. PAHs are introduced into aqueous media by numerous
pathways, including gas emissions from industrial combustion, in
the discharge of fossil fuels, and from residential heating [7e9]. The
reliable quantiﬁcation of PAHs in environmental samples, particu-
larly in water, is still difﬁcult for a number of reasons. First, they are
usually present in natural water as extremely complex mixturesity, Makkah Al-Mukarramah,
.V. This is an open access article unthat contain many isomeric structures and alkylated isomers [10].
Second, their contamination levels in environmental water samples
are usually below the detection limits of current analytical methods
[11]. Finally, no certiﬁed reference standards for water are available.
Under standards adopted by the European Union (EU), the
maximum allowable concentration of PAHs in drinking water is
200 ng/L [12].
To measure the low concentrations of these compounds that
occur in water samples, most of the methods developed so far have
applied different extraction and preconcentration techniques,
including Soxhlet extraction [13], ultrasound-assisted extraction
[14], and liquid-liquid extraction (LLE) [15]. These extraction tech-
niques require large amounts of toxic organic solvents and are
time-consuming. Solid-phase extraction (SPE) [16], supercritical
ﬂuid extraction (SFE) [17], and cloud-point extraction are good
replacements [18], as they require lower volumes of organic sol-
vents; however, they are also expensive and complicated proced-
ures. Solid-phase microextraction (SPME) is a solvent-free
extraction method that has been used as a concentration technique
for the quantiﬁcation of PAHs in water samples [19]. SPME sim-
pliﬁes sample handling and manipulation by integrating sampling,
extraction, concentration, and sample introduction into one stepder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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microextraction ﬁbers occurs during repeated usage [20]. In recent
years, a novel extraction approach based on the solid-phase
dispersion extraction (SPDE) technique was developed by Howard
and Khdary [21]; this method employs carefully size-selected
modiﬁed spherical silica particles functionalized with different
chemical groups as the extracting agent. Conceptually, this method
is based on the partitioning of the analyte between a sub-micron
solid and a liquid phase as a colloidal sol. By tailoring the size of
the particles to approximately 50 nm diameter, they can be easily
dispersed in aqueous solution, without the need for anymechanical
or hand shaking, and the solid can then be readily recovered,
together with the analytes, by simple ﬁltration, centrifugation, or
magnetic force [22].
Iron oxide magnetic nanoparticles (MNPs) have emerged as a
new type of important functional sub-micron nanoparticles [23].
Unmodiﬁed MNPs have some limitations, as they aggregate in
aqueous solution, and thus, lose the ability to extract the analytes
from the solutions [24]. In addition, the MNPs have high chemical
activity and are easily oxidized when exposed to air. Therefore, the
suitable coating of the MNPs, such as by silanization, is essential to
protecting and maintaining their chemical stability. Another
advantage of silica-coating iron oxide MNPs is that the silanol-
terminated surface groups may be modiﬁed with various
coupling agents to covalently bind to speciﬁc ligands for selective
analyte extraction.
Recently, a novel extraction approach based on magnetic solid-
phase extraction (MSPE) has been developed. The MSPE method
employed carefully size-selected magnetic nanoparticles (MNPs)
functionalized with different chemical groups (extracting agent)
and dispersed into aqueous solutions to adsorb target compounds,
then the sorbent is isolated rapidly and conveniently by an external
magnetic ﬁeld without the need of additional centrifugation or
ﬁltration. MSPE has several advantages, such as, high extraction
efﬁciency, low consumption of organic solvents and convenience of
operation. Various MNPs were synthesized and functionalized for
the extraction of PAHs from different environmental samples. For
example, carbon coated Fe3O4 MNPs (Fe3O4/C) [25,26] C18- func-
tionalized Fe3O4 MNPs (Fe3O4-C18 [27,28], diphenyl functionaliza-
tion of MNPs (Fe3O4-diphenyl) [29], n-octadecylphosphonic acid
modiﬁed MNPs [30], cholesterol- functionalized MNPs [31], poly-
dopamine coated Fe3O4 nanoarticles (Fe3O4/PDA) [32], Fluorenyl -
functionalized Fe3O4MNPs [33] and naphthyl- functionalized Fe3O4
MNPs [34]. However, most of these MNPs are hydrophobic mate-
rials, which difﬁcult to disperse in aqueous samples leading to
decrease their extraction ability. In the present work, a novel so-
lution to this disadvantage was developed. This involves the syn-
thesized of a new kind of MNPs termed as n-hexadecylsilanol-diol
magnetic nanoparticles (Fe3O4@SiO2@C16-HO) and this material
has been employed for the pre-concentration and extraction of
PAHs compounds fromwater samples. The hydrophobic C16 groups
are functionalized for extraction while the hydrophilic diol groups
are designed for dispersing. Fe3O4@SiO2@C16-HO has several ad-
vantages over other MNPs. Solid phase dispersion extraction using
the Fe3O4@SiO2@C16-HO magnetic nanoparticles was signiﬁcantly
improved by the incorporation of the diol groups during the
modiﬁcation, as this resulted in magnetic nanoparticles that could
be easily dispersed in water samples. Sample handling steps are
minimized since the magnetic sorbent can dispersed directly into
the aqueous samples without any additional treatment. Since the
(Fe3O4@SiO2@C16-HO) can be dispersed easily in aqueous solution,
the contact surface between analytes and sorbent is very large,
which results in a rapid mass transfer and fast extraction equilib-
rium. Thus, large numbers of samples can be quickly and simulta-
neously treated even at the sampling site. In addition, the speciallydesigned material could ensure operational convenience and
improve reproducibility during extraction. All of these advantages
combine to make the Fe3O4@SiO2@C16-HO solid phase dispersion
extraction a powerful tool in the analysis of PAHs in water samples
and very useful in monitoring programs assessing PAHs contami-
nation in natural water systems.
The entire procedure (extraction plus concentration plus
quantiﬁcation) takes less than 30 min, and allows the determina-
tion of PAHs at low levels. The analytes are ﬁrst collected on the
surface of the modiﬁed MNPs and then selectively determined by
HPLC-UV. Extraction conditions and chromatographic parameters
were optimized to achieve maximum sensitivity with minimum
analysis time. Special attention was paid to the synthesis and
characterization of the MNPs due to their inﬂuence on the extrac-
tion efﬁciency of the proposed procedure.
2. Experimental
2.1. Apparatus
Chromatographic separations of the PAHs were performed with
a Perkin-Elmer 200 HPLC system (Germany) equipped with a vac-
uum degasser, binary pump, heated column compartment, and an
injection loop of 20 mL nominal volume. The UVeVis detector
(Perkin-ElmerSeries20) was set at 230 nm. The chromatographic
column was a Waters NOVA PAK C18 (5 mm particle size,
150 mm 3.9 mm,Milford, MA, USA). The mobile phase comprised
60% acetonitrile and 40% doubly distilled water ﬁltered through a
0.45 mm ﬁlter before use. Separations were performed with a
constant ﬂow rate of 1.0 mL/min. The column temperature was set
at 40 C in a thermostatically controlled oven.
2.2. Materials and reagents
The glassware used for the standards preparation and PAHs
extraction was washed with detergent, rinsed with tap water and
deionizedwater, left in a 5% nitric acid bath for at least 24 h, dried in
an oven at 50 C for 8 h, and ﬁnally rinsed thoroughly with
deionized water before use. Puriﬁed water (conductivity > 18 MU/
cm) was distilled and deionized using a Millipore 60 system
(Bedford, MA, USA). Toluene (99.99%, HPLC grade) was purchased
from Fisher (Loughborough, UK) and dried by fractional distillation
under N2 from over P2O5. Fluorene, anthracene, ﬂuoranthene,
pyrene, and chrysene were obtained from Sigma-Aldrich (Stock-
holm, Sweden). [2H7]Ropivacaine, supplied by the Department of
Medicinal Chemistry, AstraZeneca (Sweden), was used as an in-
ternal standard (I.S.). HPLC-grade methanol and ethanol were ob-
tained from Merck (Darmstadt, Germany). Glacial acetic acid and
sodium acetate were purchased from Aldrich (Milwaukee, WI,
USA), and ferric chloride hexahydrate (FeCl3$6H2O,  98%), ethyl
alcohol (99%, analytical grade) sodium sulﬁte (Na2SO3, 98%), and
anhydrous ammonia (99.5%, analytical grade) were purchased from
Sigma-Aldrich (Stockholm, Sweden). Sodium hydroxide (laboratory
grade) and hydrochloric acid (37% w/v, laboratory grade) were
purchased from Fisher Scientiﬁc (Loughborough, UK). Tetrame-
thoxysilane (TMOS, 98%) and n-hexadecyltrichlorosilane (C16SiCl3,
90þ%) were obtained from Sigma (Gillingham, UK).
2.3. Standard solutions of PAHs
Individual stock solutions of the PAHs were prepared by dis-
solving each compound (1 mg) in methanol (100 mL). These stan-
dards were kept in the dark at 4 C and were stable for
approximately three months. To prepare the calibration curves and
calculate the limits of detection (LODs) for all compounds, mixed
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daily by the appropriate dilution of aliquots of the stock solutions in
methanol. Spiked water samples were prepared by adding 1 mL of
each stock solution to 1.0mLwater, afterwhich 50 mL of the internal
standard (1000 ng/L) was added.
2.4. Synthesis of Fe3O4MNPs
Magnetic core particles were synthesized using the method
described by Qu. et al. [35] withminor modiﬁcation. Brieﬂy, Na2SO3
(2.78 g) and FeCl3$6H2O (3.24 g) were combined in distilled water
(100 mL) in a 1000 mL three-necked round-bottomed ﬂask under
nitrogen atmosphere. 10 mL of ammonia solutionwas added slowly
to the above solution, stirred for 15 min at 25 C using a magnetic
stirrer, and then heated at ca. 80 C for 2 h. Just after adding the
ammonia, the color of the solution changed from the original
brown to dark black, indicating the formation of the MNPs. The
black precipitate was isolated by centrifugation for 15 min at
8300g, and then washed twice with deionized water, rinsed ﬁve
times with acetone, and dried under continuous vacuum for 3 h.
2.5. Preparation of hexadecylsilane-modiﬁed
MNPs(Fe3O4@SiO2@C16-OH)
The prepared MNPs (2 g) were stirred (250 rpm) in dry toluene
(150mL) at room temperature until a cloudy solutionwas obtained.
Tetramethoxysilane (1 mL) was then added slowly through a
dropping funnel. The reactionwas left to proceed at ca. 85 C for 7 h.
The precipitate was isolated by centrifugation, and rinsed ﬁve times
with dry toluene. After drying overnight at 100 C, the solid was
calcined in air for 1 h at 650 C.The resulting solid was suspended in
dry toluene (150 mL) with mechanical stirring and treated with
C16SiCl3 (1 mL). The suspension was stirred for 7 h at 90 C. The
precipitate was collected by centrifugation, washed once with dry
toluene and three times with ethanol, and then dried at 80 C for
6 h. The epoxy rings were opened by acid reﬂux for 24 h to produce
diol groups in an attempt to increase thewettability of the particles.
2 g of the precipitate was transferred to a 250 mL round-bottomed
ﬂask, 100 mL of deionized was add and the pH of the solution was
adjusted to 3 using conc. HCl. The mixture was reﬂuxed at 100 C
for 24 h. The as-synthesized MNPs were isolated from the liquid
phase by centrifugation for 30 min at 8400g, rinsed ﬁve times
with distilled water, and ﬁnally dried at 120 C for 24 h.
2.6. Magnetic dispersion solid-phase extraction procedure (MDSPE)
The use of the functionalized MNPs in the extraction and pre-
concentration of the PAHs is illustrated in Scheme 1. Before the
extraction, the magnetic material was activated by stirring with
methanol for 1min and, subsequently, with water for 1 min. Brieﬂy,
the modiﬁed MNPs (30 mg) were sonicated in deionized water
(10 mL). The suspension was transferred to a 1000 mL volumetric
ﬂask, which was then ﬁlled to the mark with deionized water. The
internal standard (5 mL) was added to the ﬂask using a Hamilton
microliter syringe. After ultrasonication for 1 min, the suspension
was let stand 20 min at room temperature, and then the particles
were separated from the aqueous phase with a magnet (Fig. 1). The
PAHs-loaded MNPs were redispersed in methanol (3 mL) and
sonicated for 1 min, and the magnetic material was separated with
the aid of a magnet.
The obtained organic phase was evaporated to dryness by a
stream of nitrogen gas, and the residue was reconstituted in
methanol (1.0 mL). Finally, a volume of 20 mL was injected into the
HPLC. A standard solution with the same concentration of theextracted sample was assayed for recovery determination.
2.7. Characterization methods
The crystallinity and phase purity of the modiﬁed magnetic
nanoparticles were determined by X-ray diffractometry, using a
Rigaku Geigerﬂex instrument with CuK a radiation from
2q ¼ 20e80 at a scan rate of 4 min1. Silicon was used as an
external standard.
The structure, homogeneity, and conﬁguration of the MNPs
were evaluated by comparison of the transmission Fourier-
transform infrared (FTIR) spectra of the modiﬁed and unmodiﬁed
materials. FTIR analysis was performedwith a Perkin-Elmer System
2000 FTIR spectrometer equipped with an IR microscope. The FTIR
spectra were collected over 64 scans in the range 400e4500 cm1.
No sample preparation was required for the analysis.
The main characterization technique for the morphology,
structure, and size of the synthesized nanoparticles was scanning
electron microscopy (SEM). To obtain the SEM images, the syn-
thesized MNPs powder was placed on silicon wafer tape using a
small pipette tip. Then, the samples were coated with a thin layer of
gold at a thickness of ca. 10 nm. A Philips XL30 scanning electron
microscope using a low acceleration voltage of 2 kV was used to
investigate the prepared samples.
Thermal properties were characterized by thermogravimetric
analysis (TGA) using a Perkin Elmer Thermogravimetric TGS-2 in-
strument connected to a Perkin-Elmer Datastation-7300 and a
System 4 thermal analysis microprocessor. The samples were
heated under nitrogen atmosphere in the temperature range from
30 to 800 C at a rate of 10 C min1.
2.8. Statistical analysis
Data were processed using Statgraphics Plus version 5.0 (Stat-
point Technologies, Inc. Warrenton, VA, USA). One-way ANOVAwas
used for the determination of signiﬁcant differences at a signiﬁ-
cance level of p < 0.05.
3. Results and discussion
3.1. Characterization of the MNPs
To obtain information about the phase and structure of the
Fe3O4 and as-synthesized Fe3O4@SiO2@C16 MNPs, powder XRD
patterns were obtained (Fig. 2). The XRD proﬁles reveal the pres-
ence of two phases corresponding to magnetite and elementary
iron in the synthesized materials. The well-deﬁned peaks in the
XRD patterns clearly indicate that the synthesized materials are
crystalline. The full-widths-at-half-maximum of the broadened
peaks were used to calculate the average crystallite size using the
Scherrer equation [36]. The average particle size for the synthesized
materials was 50 nm. It is obvious that the positions and relative
intensities of the diffraction peaks of the magnetic nanoparticles
before and after modiﬁcation are similar, indicating the formation
of Fe3O4.
To conﬁrm the surface modiﬁcation of the Fe3O4MNPs with the
hexadecyl groups, the FTIR spectra of the modiﬁed and unmodiﬁed
MNPs were obtained. Both spectra (Fig. 3) show absorption bands
at around 636 cm1, which are attributed to the FeeO vibration
related to the magnetite phase [37,38]. Two absorption peaks, at
3420and 1630 cm1, are assigned to OeH stretching and HeOeH
bending vibrations, respectively, resulting from the physio-
absorbed water and alcohol on the surface of the particles
[39,40]. The sharp band at around 1100 cm1is associated with
Scheme 1. Schematic diagram for the MDSPE of PAHs from water.
Fig. 1. Magnetic separation of adsorbent nanoparticles.
Fig. 2. XRD spectra of magnetic nanoparticles: (a) Fe3O4 and (b) Fe3O4@SiO2@C16.
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the modiﬁed nanoparticles compared with those of the unmodiﬁed
particles are the appearance of the peaks at 2915 and 2848 cm1.
These bands are attributed to symmetric and asymmetric methy-
lene (nCH2) and methyl (nCH3) vibrations, respectively [43]. The ex-
istence of CH2 and CH3bands conﬁrms the successful introduction
of the hexadecyl groups on the surface of the Fe3O4MNPs.
The SEM image for the Fe3O4@SiO2@C16MNPs shows the mate-
rial to be spherically shaped with a mean diameter of 50 ± 30 nm,
according to the Quantikov Image Analyzer software (Fig. 4). The
particles are clearly visible and separated from each other. How-
ever, some clusters may be observed due to the magnetic interac-
tion between the particles.
The TGA/DTA curve of the Fe3O4@SiO2@C16MNPs is shown inFig. 5. Four areas of mass loss can be identiﬁed. An initial weight
loss of ca. 6% from 50 C to ca.400 C is associated with the removal
of residual solvent and adsorbed water. The second weight loss of
ca. 23% between 450 and ca. 600 C is due to the phase transition
from Fe3O4 to FeO, as FeO is thermodynamically stable above 570 C
[44]. In the third region, near 650 C, a slight weight reduction
(1.3%) is observed. This corresponds to the decomposition of FeO,
since the TGA/DTA analysis was conducted under N2 atmosphere.
The fourth region, from ca.700 C to ca.800 C and constituting
about 27%weight loss, is related to themain organic decomposition
resulting from gradual decomposition of the hexadecyl groups. This
result conﬁrms the loading of the hexadecyl groups on the surface
of the particles. There is no signiﬁcant weight loss after 800 C.
Fig. 3. Fourier-transform infrared spectra of magnetic nanoparticles: (a) Fe3O4 and (b) Fe3O4@SiO2@C16.
Fig. 4. SEM image of the Fe3O4@SiO2@C16MNPs.
Fig. 5. Thermogravimetric analysis curve for the Fe3O4@SiO2@C16 MNPs.
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3.2.1. Amount of dispersed MNPs
The effects of the Fe3O4@SiO2@C16 loading on the extraction
efﬁciency of the PAHs were investigated in the range of 5.0e55 mg.
As shown in Fig. 6, the recovery of the PAHs increases gradually as
the amount of adsorbent increases, and the maximum recoveries
for all studied PAH compounds are achieved at an MNP loading of
30 mg. Beyond that level, the amount extracted is nearly constant,
indicating that 30 mg sorbent is sufﬁcient to extract the PAHs from
the aqueous solution. According to these results, 30 mgFe3O4@-
SiO2@C16MNPs was employed in the following studies.3.2.2. Effect of solution volume
The optimal sample solution volume was investigated in order
to achieve themaximum enrichment. Five deionizedwater samples
(100, 250, 500, 750, and 1000 mL) were spiked with the same
concentrations of PAHs (1.5 ng/L) and were analyzed according tothe procedure described above. A quantitative retention of PAHs
with acceptable variability is obtained with the 500 mL sample
volume (Table 1). The recoveries of all compounds decrease by
increasing the sample volume to 1000 mL. Therefore, a sample
volume of 500 mL was selected for further investigation, to achieve
reliable experimental results and a high enrichment factor.3.2.3. Rate of PAHs uptake by MNPs
The time required to achieve the quantitative collection of the
PAHs from the aqueous solution by the MNPs dispersion was
assessed. Six deionized water samples (100 mL) were spiked with a
mixed standard solution of the PAHs (5 mL, 0.5 mg/mL of each
compound), and treated by dispersing the MNPs(30 mg) in each
solution. The dispersions were left to equilibrate for different times
(5.0e50 min) prior to separation by magnet. Maximum recovery
Fig. 6. Recoveries of PAHs achieved with different amounts of Fe3O4@SiO2@C16 MNPs.
Table 1
Effect of solution volume on the recovery of PAHs from spiked water samples con-
taining 1.5 ng/L of each compound.
Analyte Recovery % ± RSD % (mean of 3 values)
100 mL 250 mL 500 mL 750 mL 1000 mL
Fluorene 86 ± 1.0 88 ± 1.1 94 ± 2.0 90 ± 2.1 88 ± 2.0
Anthracene 82 ± 2.2 86 ± 3.1 90 ± 3.0 87 ± 2.4 85 ± 2.3
Fluoranthene 88 ± 1.2 92 ± 1.4 95 ± 1.0 89 ± 1.6 85 ± 1.8
Pyrene 79 ± 2.5 83 ± 2.9 89 ± 3.0 85 ± 3.1 82 ± 3.0
Chrysene 88 ± 3.1 90 ± 2.6 93 ± 2.0 89 ± 2.1 84 ± 2.3
Table 2
Effect of acidiﬁcation on the recovery of PAHs fromwater samples spiked with each
compound at 1.5 ng/L.
Analyte Recovery % ± RSD % (mean of 3 values)
Acidiﬁed Non-acidiﬁed
Fluorene 93 ± 2.0 94 ± 1.8
Anthracene 91 ± 1.5 90 ± 1.9
Fluoranthene 94 ± 2.2 96 ± 1.9
Pyrene 89 ± 3.1 90 ± 2.7
Chrysene 93 ± 1.9 91 ± 2.1
Fig. 8. Effect of salinity on the recovery of PAHs-spiked (each compound, 0.5 mg/mL)
water samples.
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observed thereafter (Fig. 7). Therefore, a 20 min equilibrium time
was selected for further experiments.3.2.4. Acidiﬁcation effects
To preserve the stability of the PAHs in water over a long period
of time and prevent their biological and/or chemical degradation,
many water samples must be acidiﬁed. The effect of the acidiﬁca-
tion of the water samples on the PAHs extraction efﬁciency was
investigated, to determine the suitability of the MNPs dispersion
extraction process for the analysis of acidiﬁed water samples. SixFig. 7. Effect of time on PAHs uptake by Fe3O4@SiO2@C16 MNPs (spiked deionized
water at a level of 0.5 mg/mL for each compound).deionized water samples (100 mL) were spiked with the mixed
PAHs standard solution (5 mL, 0.5 mg/mL). Three of the six samples
were acidiﬁed to pH 2 using conc. HCl before analysis, and the
remainder were analyzed without acidiﬁcation. Acidiﬁcation of the
spiked aqueous samples does not affect the extraction yield of the
PAHs (conﬁrmed by at-test at 95% conﬁdence), indicating that the
magnetic nanoparticles dispersion method is suitable for the
analysis of either acidiﬁed or non-acidiﬁed water samples (Table 2).
3.2.5. Effect of salinity
Because PAHs are important marine contaminants, the effect of
salinity on the extraction efﬁciency by the Fe3O4@SiO2@C16MNPs
was investigated. Three aliquots each of deionized and uncon-
taminated seawater samples (100 mL each) were spiked with the
mixed PAHs standard solution (5 mL, 0.5 mg/mL). All six samples
were analyzed according to the procedure described above. With
the seawater samples, the extraction of all PAHs is higher thanwith
the deionized water samples (Fig. 8) (conﬁrmed by a t-test at 95%
conﬁdence). This is because the presence of the salt increases the
ionic strength of the aqueous solution and affects the solubility of
the organic solutes. This can be explained by the engagement of
water molecules around the ionic salt (salting-out effect), which
reduces the local concentration of water available to dissolve the
PAHs. Thus, the Fe3O4@SiO2@C16 magnetic dispersion extraction
method is as suitable for the analysis of saline water samples as it is
for low-ionic-strength water samples.
3.2.6. Reusability of Fe3O4 @SiO2@C16 magnetic sorbent
To investigate the reusability of the modiﬁed magnetic sorbent
for the extraction of the ﬁve PAHs from aqueous samples, the same
Fe3O4@SiO2@C16MNPs were subjected to six successive extraction
Fig. 9. Evaluation of recycling efﬁciency in the extraction of the ﬁve PAHs by the
Fe3O4@SiO2@C16 MNPs.
Table 3
Analytical performance of the proposed method.
Analyte Calibration range (ng/L) Correlation coefﬁcient (R) Repeatability % RSDa Reproducibility % RSDa Extraction efﬁciencyb (%) LODc (ng/L)
Fluorene 0.5e2 0.997 4.2 ± 1.2 11.3 ± 3.2 94 ± 2.1 0.31
Anthracene 0.5e2 0.999 4.6 ± 2.3 10.1 ± 2.8 90 ± 3.2 0.14
Fluoranthene 0.5e2 0.998 7.4 ± 1.4 11.9 ± 3.1 95 ± 1.6 0.31
Pyrene 0.5e2 0.988 8.0 ± 2.8 12.6 ± 1.9 89 ± 1.3 0.22
Chrysene 0.5e2 0.999 6.7 ± 3.1 12.8 ± 2.2 93 ± 2.1 0.27
a Relative standard deviation at 0.5 ng/L for the ﬁve PAHs (n ¼ 6).
b Calculated at 2 ng/L (n ¼ 6).
c Calculated at 0.5 ng/L (n ¼ 8).
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the ﬁve PAHs after each extraction were investigated. Recoveries
exceeding 90% for the ﬁve PAHs are obtained after four adsorption/
regeneration cycles by the Fe3O4@SiO2@C16MNPs (Fig. 9). There-
after, a dramatic decline in the extraction efﬁciency is observed for
all target analytes. Thus, the Fe3O4@SiO2@C16MNPs show high
stability for the repetitive sorption/desorption of PAHs.
3.3. Analytical performance
Under the optimized extraction conditions, the linearity,
reproducibility, repeatability, extraction efﬁciency, and LOD of theTable 4
Comparison of the proposed method with other extraction methods.
Method Instrument Recovery (%)
SPMEa GCeMS e
HSPMEb GC-FID e
HF-LPMEc GCeMS 64e160
DLLMEd GC-FID 60e111
DLLME-SFOe HPLC-VWD 88e110
USAEMEf GC-FID 59e90
UDSAeDLLMEg GCeMS 84e113
WLSEMEh GCeMS 86e114
SFDE-MNPs HPLC-UV 89e95
a Solid-phase microextraction.
b Headspace solid-phase microextraction.
c Hollow-ﬁber liquid phase microextraction.
d Dispersive liquideliquid microextraction.
e Dispersive liquideliquid microextraction based on solidiﬁcation of ﬂoating organic d
f Ultrasound-assisted emulsiﬁcation microextraction.
g Up-and-down shaker-assisted dispersive liquidliquid microextraction.
h Water with low concentration of surfactant in dispersed solvent-assisted emulsion dproposed method were investigated (Table 3). Calibration curves
were constructed by the weighed least-square regression of the
peak area versus concentration. Good linear relationships
(R 0.97) are found over the concentration range tested (0.5e2 ng/
L); beyond this range, the response deviates from linearity. The
reproducibility was evaluated by the relative standard deviations
(RSD%) of six determinations of the mixed standard solutions of
PAHs (0.5 ng/L). The RSDs of the inter- and intra-day batches are
less than 13%, suggesting that the reproducibility among batches is
satisfactory. The repeatability of the proposedmethodwas assessed
as the variability of the measurements obtained by the analysis of
six replicates on the same day of the same mixed standard solution
of PAHs (0.5 ng/L). The RSD values for all compounds are between 4
and 8%.The extraction efﬁciency of the proposed method was
investigated using deionized water samples spiked with the ana-
lytes at a level of 1.5 ng/L. Analysis of the spiked deionized water
samples affords recoveries of 94% ± 2%, 90% ± 3%, 95% ± 1%,
89% ± 3%, and 93% ± 2% for ﬂuorene, anthracene, ﬂuoranthene,
pyrene, and chrysene, respectively. The LOD was assessed as thelowest concentration of an analyte that could be reliably distin-
guished from the background noise with 95% conﬁdence. This was
found by identifying the concentration that yielded a signal three
times the standard deviation of the baseline noise from a blank.
Blanks were measured four times per day over 4 days, yielding an
average noise of 300 ± 120 mV. The LODs are 0.31, 0.14, 0.31, 0.22,
and 0.27 ng/L for ﬂuorene, anthracene, ﬂuoranthene, pyrene, and
chrysene, respectively. The analytical performance of the proposed
method was thoroughly evaluated by comparing it with other
extraction methods for the determination of PAHs inwater samples
(Table 4). The present results show that the proposed method
yields a higher PAHs extraction recovery with a very shortExtraction time (min) LOD (mg L1) Ref.
45 0.001e0.029 [45]
30 0.03e0.3 [46]
15 0.01e0.95 [47]
A few seconds 0.007e0.03 [48]
A few seconds 0.045e1.1 [49]
0.5 0.02e0.05 [50]
3 0.022e0.060 [51]
3 0.022e0.13 [51]
20 0.0001e0.0003 This work
rop.
ispersive liquideliquid microextraction.
Fig. 10. Typical chromatogram of the ﬁve PAHs derived from the spiked deionized
water samples.
Table 5
Determination and recoveries from real water samples spiked with the analytes.
Water sample Analyte Concentration detected in unspiked water sample Concentration detected in spiked water sample (ng/L)a Recovery (%) RSD (%, n ¼ 3)
1 Fluorene ndb 18.0 90.0 4.13
Anthracene nd 19.0 96.0 2.37
Fluoranthene nd 17.7 88.5 3.71
Pyrene nd 18.8 94.0 1.23
Chrysene nd 18.1 90.5 3.23
2 Fluorene ndb 18.7 93.5 1.92
Anthracene nd 18.9 94.5 5.03
Fluoranthene nd 19.1 95.5 1.06
Pyrene nd 18.5 92.5 3.43
Chrysene nd 17.6 88.0 2.78
3 Fluorene ndb 18.6 93.0 2.23
Anthracene nd 17.9 89.5 3.12
Fluoranthene nd 18.3 91.5 4.56
Pyrene nd 19.2 96.0 4.11
Chrysene nd 17.8 89.0 1.67
4 Fluorene ndb 19.1 95.5 2.88
Anthracene nd 17.8 89.0 3.47
Fluoranthene nd 18.2 91.0 4.12
Pyrene nd 17.9 89.5 2.96
Chrysene nd 18.4 92 2.21
a Water samples spiked at a level of 20 ng/L.
b nd ¼ not detected.
A.A. Al-rashdi / Analytical Chemistry Research 10 (2016) 9e1716extraction time and very low detection limits. Also, the proposed
method has the advantages of simpliﬁed sample handling and
manipulation, since the Fe3O4@SiO2@C16 MNPs can be dispersed
directly into the water samples without any additional treatment.
Therefore, large numbers of samples can be quickly and simulta-
neously treated, even at the sampling site. Fig. 10 shows a typical
chromatogram obtained from a spiked water sample extract using
the Fe3O4@SiO2@C16 MNPs.
3.4. Analysis of water samples
To demonstrate the applicability and reliability of the developed
method, it was applied in the determination of ﬁve PAHs(ﬂuorene,
anthracene, ﬂuoranthene, pyrene, and chrysene) in real water
samples. Prior to analyzing the spiked water samples, blank ex-
periments were performed. The extraction of each spiked water
sample was carried out four times. Four tap water samples of
200 mL spiked with the analytes at concentrations of 20 ng/L were
processed according to the extraction procedure described above,
prior to the HPLC determination of the PAHs. The results for the
unspiked and spiked tap water samples are shown in Table 5. The
recoveries for the spiked water samples range from 88% to 96%,indicating that the proposed method is sufﬁciently sensitive for the
routine estimation of PAHs in water samples at low nanogram
levels.4. Conclusion
The determination of PAHs in water is important since accept-
able environmental values have been established by legislation.
This work shows that PAHs can be selectively determined in water
samples by a simple, accurate, and precise method. The PAHs
detection limits achieved in the developed method (0.14e0.31 ng/
L) are below the values set by legislation. The beneﬁts, therefore, of
using this method are that a satisfactory detection limit can be
achieved without prolonged extraction times or time-consuming
concentration steps. The proposed Fe3O4-based solid-phase
dispersion extraction method has many advantages: the adsor-
bent can be recovered effectively and recycled, and large numbersof samples can be quickly treated, on-site at the sampling location,
thereby stabilizing the analyte during transportation and pre-
analysis storage. The use of small quantities of organic solvents
makes the Fe3O4 magnetic nanoparticles a potentially environ-
mentally friendly extraction alternative. Therefore, the method
developed here represents a promising technique for the estima-
tion of PAHs in water samples.Conﬂict of interest
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